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Citrus tristeza virus (CTV), a member of the Closteroviridae, has a positive-sense RNA genome of about 20 kb
organized into 12 open reading frames (ORFs). The last 10 ORFs are expressed through 3’-coterminal
subgenomic RNAs (sgRNAs) regulated in both amounts and timing. Additionally, relatively large amounts of
complementary sgRNAs are produced. We have been unable to determine whether these sgRNAs are produced
by internal promotion from the full-length template minus strand or by transcription from the minus-stranded
sgRNAs. Understanding the regulation of 10 sgRNAs is a conceptual challenge. In analyzing commonalities of
a replicase complex in producing so many sgRNAs, we examined initiating nucleotides of the sgRNAs. We
mapped the 5’ termini of intermediate- (CP and p13) and low- (p18) produced sgRNAs that, like the two highly
abundant sgRNAs (p20 and p23) previously mapped, all initiate with an adenylate. We then examined
modifications of the initiation site, which has been shown to be useful in defining mechanisms of sgRNA
synthesis. Surprisingly, mutation of the initiating nucleotide of the CTV sgRNAs did not prevent sgRNA
accumulation. Based on our results, the CTV replication complex appears to initiate sgRNA synthesis with
purines, preferably with adenylates, and is able to initiate synthesis using a nucleotide a few positions 5’ or 3’
of the native initiation nucleotide. Furthermore, the context of the initiation site appears to be a regulatory
mechanism for levels of sgRNA production. These data do not support either of the established mechanisms

for synthesis of sgRNAs, suggesting that CTV sgRNA production utilizes a different mechanism.

Positive-stranded RNA viruses are near the ultimate in ge-
netic compactness, often with individual nucleotides serving
multiple functions in their life cycles. The virion RNA itself
must serve as the mRNA for its early expressed genes and as
the template for production of progeny, in addition to having
numerous cis-acting elements for replication, regulation, and
assembly. The expression of multiple genes usually occurs by a
combination of strategies: production of subgenomic RNAs
(sgRNAs); processing of polyproteins; use of multipartite ge-
nomes, frameshifts, and readthroughs; or alternate initiation of
open reading frames (ORFs). sgRNAs may represent a more
advanced level of regulation, allowing control of amounts and
timing of individual gene products. Most RNA viruses are
relatively small and produce few sgRNAs, but as viruses in-
crease in size the complexity of gene expression increases.
Some of the larger RNA viruses have as many as 11 sgRNAs.

Citrus tristeza virus (CTV), a member of the Closteroviridae,
is the largest plant RNA virus; it has a positive-sense single-
strand RNA genome of ~20 kb organized into 12 ORFs (20,
39), with the last 10 3" ORFs expressed through a nested set of
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3’-coterminal sgRNAs (17). The Closteroviridae appears to be
intermediate between the small alpha-like viruses and those of
the large Nidovirales. The large sizes of the replicase-associ-
ated genes and interdomain areas, in addition to the large
number of sgRNAs, suggest similarity to the Nidovirales. How-
ever, the lack of discontinuous mRNAs with a common leader
(21), characteristic of the Arteriviruses and Coronaviruses of the
Nidovirales (29, 52), suggest greater similarity to the alpha-like
viruses, although most of the sgRNAs of the toroviruses and
okaviruses of the Nidovirales are contiguous with the 3’ end of
the genome like CTV (12, 53, 59). RNA-dependent RNA
polymerase (RdRp) phylogeny, however, clearly places the
closteroviruses into the alphavirus-like supergroup (27).

Synthesis of the different CTV sgRNAs is regulated in both
amounts and timing (37). Levels of sgRNAs are based on
promoter strength and position within the genome (14, 15, 44).
An unusual characteristic of CTV is that relatively large
amounts of 3'-terminal negative-stranded sgRNAs accumulate
along with 5’-terminal positive-stranded sgRNAs. The 5'-ter-
minal sgRNAs apparently are produced by termination near
the 3’ controller elements during genomic RNA synthesis (14).
The amount of production of the minus-stranded sgRNAs is
controlled by the p23 gene product (46). We have character-
ized two different sgRNA controller elements to a region ap-
proximately 50 nucleotides upstream of the controlled ORF,
but we have been unable to definitively determine the mech-
anism used by CTV to synthesize sgRNAs.

Two general strategies of production of sgRNAs have been
proposed for positive-stranded RNA viruses (reviewed in ref-
erence 35). Most members of the alphavirus-like supergroup,
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and some other plant viruses, produce sgRNAs by promotion.
Specific promoter elements on the genomic negative strand
allow precise replicase complex recognition for initiation of
sgRNA synthesis at internal sites, followed by continued syn-
thesis to the terminus of the template (31, 36, 61). A second
model proposed for the Nidovirales (Arteriviridae and Corona-
viridae), the nodaviruses, and some plant viruses postulates
synthesis of sgRNA minus strands by termination, followed by
transcription of sgRNA plus strands from the negative tem-
plates (32, 41, 47, 50, 58; reviewed in reference 64). Grouping
viruses by these different transcription strategies results in
groups similar to those derived from RdRp phylogeny.

With either strategy, the replicase complex must precisely
interact with the negative-stranded template, either internally
at the full-length minus strand for promotion or at the 3’ end
of the sgRNA minus strand for transcription of sgRNA plus
strands. By convention, the +1 nucleotide is defined as the
template nucleotide used to initiate sgRNA synthesis. In gen-
eral, alpha-like viruses are expected to follow the +1 pyrimi-
dine and +2 adenylate rule (in reference to the negative strand
of the genome) as initiation nucleotides for the genomic pos-
itive strand and sgRNA (3), and usually within each virus the
same first nucleotide is found for both types of RNAs (3, 34).
Most of the small RNA viruses of plants have guanylates as 5’
termini of the genomic and sgRNAs (8, 13, 16, 18, 23, 25, 26,
48, 55, 56, 60, 61, 63, 65). Adenylate, however, is a common 5’
terminus of RNAs for animal alpha-like viruses and members
of the Nidovirales (12, 31, 38, 53, 59) but infrequent for plant
viruses (30, 43, 67). Uridylate and cytidylate as 5’ termini are
uncommon but have been also reported for rubella virus and
Oat chlorotic stunt virus sgRNAs, respectively (7, 42).

Mutagenesis of the initiation nucleotide is a useful tool to
examine sgRNA synthesis. A characteristic observed of viruses
that produce their sgRNAs by promotion is that mutagenesis
of the +1 nucleotide prevents or greatly decreases sgRNA
synthesis in vivo and in vitro (1, 2, 16, 24, 25, 57, 62). This
observation has allowed confirmation of mapping of the 5’
termini of sgRNAs (16, 25). However, in viruses that produce
their sgRNAs via a termination mechanism, modification of
this nucleotide can inhibit accumulation of the sgRNA plus
strand without affecting minus-strand synthesis (10, 11, 41).
This observation can be useful in defining whether the positive-
or negative-stranded sgRNA is produced first, and by which
mechanism.

Members of the Closteroviridae produce up to 11 sgRNAs.
When a viral replicase complex must interact with numerous
internal cis-acting elements on the genomic RNA minus strand
(promotion mechanism) or with numerous promoters on the 3’
end of the minus-stranded sgRNA (termination mechanism) to
initiate sgRNA synthesis, what common traits should be ex-
pected? Would the sgRNAs be expected to have the same
5'-terminal nucleotide? Would the 5’ termini of genomic and
sgRNAs tend to be the same? How much flexibility is there in
initiation of synthesis of the sgRNA plus strands? The 5’ ter-
mini of sgRNASs of other members of the Closteroviridae have
been examined. An adenylate is the 5’ terminus of several
sgRNAs of the closteroviruses, Beet yellows virus (BYV) and
Beet yellow stunt virus (BYSV) (5, 22, 40). The exception is the
BYV p6 sgRNA that contains a guanylate (40) similar to the 5’
terminus of the genomic RNA (4). In contrast, the 5’ termini
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of the sgRNAs of the crinivirus Sweet potato chlorotic stunt
virus (28) were reported to be adenylate, guanylate, or even
uridylate, whereas the 5" ends of both genomic RNAs (RNA1
and RNA2) were guanylates. The 5’ termini of the CTV
genomic RNA and the most highly produced sgRNAs, p20 and
p23, are adenylates (20, 21).

In contrast to that of other related viruses (35), the CTV CP
core controller element mapped to positions —47 to —5 and
did not contain the +1 nucleotide corresponding to the 5’
terminus of the sgRNA (14). Several questions arise. If the +1
nucleotide is essential for the synthesis of the positive strand of
the sgRNAs in viruses that produce sgRNAs either by internal
promotion on the full-length minus strand or by initiation at
the 3’ end of the sgRNA minus strand produced by termina-
tion, how does initiation occur without a conserved +1 nucle-
otide as a specific component of the controller element? How
much flexibility is there for the nucleotides surrounding the +1
site? What is the effect of modifications of these nucleotides on
sgRNA production in CTV?

In this work, we examined the 5’ termini of the CTV sgRNAs
of intermediate (CP and p13) and low (p18) abundance and
found that they were all adenylates. We then mutated the
nucleotides corresponding to the 5’ termini of these sgRNAs
and found that, instead of preventing sgRNA synthesis and
confirming our mapping, accumulation of sgRNAs continued,
generally with little reduction. Mapping the initiation sites of
some of these +1 nucleotide mutants showed that the CTV
replicase complex can use an alternate purine (pyrimidine in
the negative strand), preferably an adenylate, as the initiating
nucleotide for sgRNA synthesis. Further mutagenesis of the
nucleotides surrounding the initiation sites of the sgRNAs
suggested that initiation of CTV sgRNA synthesis can occur
within a range of several nucleotides around the original +1
site and that the context of the initiation site can modulate the
efficiency of sgRNA synthesis.

MATERIALS AND METHODS

Determination of the 5’ termini of CTV sgRNAs. The nucleotide numbering
and sequences in this study are according to Satyanarayana et al. (T. Satyanaray-
ana, S. Gowda, M. A. Ayllén, and W. O. Dawson, submitted for publication)
(GenBank accession no. AY170468). All sequences are presented as a positive-
stranded RNA. Total RNA was isolated from bark tissue of young sweet orange
[Citrus sinensis (L.) Osb.] infected with the CTV T36 isolate, using the guanidine-
HCI procedure with modifications previously described (17, 33), and was used as
a template to map the 5’ termini for CP, pl18, and pl3 wild-type sgRNAs.
Similarly, total RNA extracted from Nicotiana benthamiana mesophyll proto-
plasts (37, 44) infected with RNA transcripts of the CP +1 A/C mutant was used
as a template to determine the sgRNA 5’ terminus of this mutant. Four negative-
sense primers, PM37 (5'-GTTTACGGAACTGAAAGAAG-3'), C502 (5'-GGA
ACTGAAAGAAGACTCGGCAGCA-3'), C244 (5'-CGATTATATCACCCAC
GTTCA-3"), and PM36 (5'-CTTAAAGTCATCATTCATGAG-3"), comple-
mentary to positions 16247 to 16228, 16241 to 16217, 16894 to 16874, and 17439
to 17419 of the T36 genome, were used for primer extension analysis of CP, CP
+1 A/C mutant, p18, and p13 sgRNAs, respectively, as described by Karasev et
al. (20). Briefly, 0.3 pmol of primer (~10° dpm), 5’ labeled with 150 p.Ci of
[y->*P]ATP (New England Nuclear; 6,000 Ci/mmol) using polynucleotide kinase
(Promega), was annealed to total RNA extracted from CTV T36-infected plants
or mesophyll protoplasts inoculated with RNA transcripts of the CP +1 A/C
mutant. Primer extension reactions were performed with avian myeloblastosis
virus reverse transcriptase (U.S. Biochemicals) at 42°C for 1 h. Extension prod-
ucts were analyzed in a 6% denaturing polyacrylamide gel side by side with the
sequencing ladders obtained on the respective fragments of the CTV genome,
cloned into the replicon CTV-ACla333 (14) or into pBluescript SK (Stratagene)
vector, with the same primers used for the primer extension reactions. Total
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RNA extracted from N. benthamiana mesophyll protoplasts infected with RNA
transcripts of the p20 +1 A/G mutant was used as a template to determine the
alternate sgRNA 5’ terminus of this mutant. Total RNA was denatured at 90°C,
3" polyadenylated by yeast poly(A) polymerase (U.S. Biochemicals), and reverse
transcribed using avian myeloblastosis virus (U.S. Biochemicals) and oligo(dT)
(M111; 5" GGTCTCGAG(T),5 3’ [20]). Amplification of the 5" end of the p20
+1 A/G sgRNA was carried out with the negative-sense primer C582 (5" GTA
CCTGCAGATCCTGATGGTCTCCGTTCA 3', corresponding to positions
17943 to 17924, with the PstI restriction site underlined and nontemplate nucle-
otides in italics) and M111. The amplified products were cloned into pGEM-T
Easy vector according to the manufacturer’s instructions (Promega). Nucleotide
sequencing was performed with an automatic sequencer (Applied Biosystems
model 373) at the Interdisciplinary Center for Biotechnology Research DNA
sequencing core facility of the University of Florida (Gainesville, Fla.).

Plasmid constructions. All the mutants used in this study were constructed in
a CTV replicon, CTV-ACla333, which does not produce any sgRNA (14). Plas-
mid pCTV-ACla333 contains a deletion of nucleotide 10852 (ORF 1b) to nucle-
otide 18526 (leaving the last 493 nucleotides of the p23 gene, followed by the 3’
noncoding region of CTV), with unique restriction sites (Xhol, PstI, Stul, and
ClaT) added at the end of ORF 1b to facilitate insertion of DNA fragments (14).
To generate CP, pl8, p13, p20, and p23 constructs, DNA fragments of the
infectious clone pCTV9 (44), corresponding to positions 15895 to 16631, 16574
to 16894, 17120 to 17568, 17510 to 17943, and 18163 to 18526, respectively, were
amplified by PCR using a positive-sense primer containing an Xhol restriction
site and a negative-sense primer providing a blunt end. The amplified products
were digested with Xhol and ligated into pCTV-ACla333, which was previously
digested with Xhol and Stul. The DNA fragments used to create the sgRNA
mutants were generated by overlap extension PCR (19) using primers containing
specific single nucleotide substitutions that were introduced in the position cor-
responding to the 5" terminus of the sgRNA and also in the nucleotides around
this position in the genomic RNA. All the nucleotide mutations introduced were
confirmed by sequencing as described above.

Protoplast transfections and Northern blot hybridization. Isolation and poly-
ethylene glycol-mediated transfection of mesophyll protoplasts from N.
benthamiana were performed following the procedures described by Navas-
Castillo et al. (37) and Satyanarayana et al. (44). In vitro-capped transcripts were
generated from Notl-linearized DNA constructs using SP6 RNA polymerase
(Epicentre Technologies) (44) and were used directly for protoplast inoculation
(=1 X 10°). Protoplasts were harvested at 4 days postinoculation, and total RNA
was extracted (37). The 5'-terminal 600 nucleotides and the 3’'-terminal 900
nucleotides of the CTV T36 isolate were cloned in pPGEM-7Zf vector (Promega)
and used to generate positive- and negative-stranded RNA-specific digoxigenin-
labeled riboprobes. The riboprobes were examined by their specificity and equal-
ized using the double-stranded RNA as described previously (46). Total RNAs
were analyzed by Northern blot hybridization using 5’ and 3’ positive- and
negative-stranded RNA-specific riboprobes. The relative amounts of positive-
stranded sgRNA were quantified using Northern blot films by scanning and
densitometry with the OS-SCAN program (Oberlin Scientific, Oberlin, Ohio).
The values of the mean and standard deviation of positive-stranded sgRNA
produced for each construct were obtained from at least two to six independent
protoplast transfections.

RESULTS

Determination of the 5’ termini of CTV sgRNAs correspond-
ing to the CP, p18, and p13 genes. Previously, the 5" termini of
p20 and p23 sgRNAs, the two most abundantly produced
sgRNAs, were mapped to an adenylate (21), which also was the
nucleotide at the 5’ terminus of the genomic RNA (20). To
examine whether the presence of an adenylate at the 5’ termini
of the CTV sgRNAs is a general phenomenon, we determined
the 5’ termini of other sgRNAs produced at lower amounts
than the p20 and p23 sgRNAs: those of the intermediately
abundant CP and p13 genes, and the low-produced p18 gene
(Fig. 1B). Total RNA extracted from plants infected with CTV
and primers located approximately 100 nucleotides down-
stream of the start codon of the corresponding gene were used
for a primer extension reaction to synthesize complementary
DNAs (cDNAs). The same primers were used to generate the
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sequence ladder of the corresponding genomic sequence that
was loaded in lanes adjacent to the primer extension products.
In our control reactions of the known p20 sgRNA (21), the
primer extension product tended to migrate slightly slower
than sequencing products, as observed by others (43). The
c¢DNA product of the sgRNA for CP migrated as a single band
coinciding with nucleotide 16115 of the adjacent sequence
ladder (Fig. 1C). The primer extension products of the sgRNAs
corresponding to the pl18 and pl3 genes migrated as single
bands of lower intensity mapping at positions 16751 and 17316,
respectively (Fig. 1C). The results of the primer extension
analysis suggested that each of the CP, p18, and p13 sgRNAs
started with an adenylate and had 5’ leaders of 37, 38, and 10
nucleotides, respectively. Thus, 5 of 10 CTV sgRNAs mapped
so far have adenylates as their 5’ termini, and the genomic
sequence surrounding this nucleotide is an AU-rich region. We
attempted to map the 5’ termini of the sgRNAs corresponding
to the remaining five genes of CTV but did not obtain unequiv-
ocal results, probably due to the lower abundance of these
sgRNAs.

Effect of modification of the initiation site context of the CP
sgRNA. We do not yet know whether CTV produces its
sgRNAs by internal promotion on the full-length minus strand
or by termination during minus-strand synthesis followed by
transcription from the sgRNA minus strand to amplify the
sgRNA plus strand. Thus, the +1 nucleotide would be the
template nucleotide to initiate sgRNA synthesis on the
genomic negative strand, if the sgRNAs were produced by
promotion, or the nucleotide near the minus-stranded sgRNA
3’ terminus, if the sgRNAs were produced by termination. By
convention, we will refer to the +1 nucleotide in the positive
strand sequence corresponding to the 5’ terminus of the
sgRNA (and also its complement in the minus strand). Thus,
although we refer to numbering in the positive strand se-
quence, all mutations in the plus strands create complementary
changes in the minus strand sequences.

It previously has been shown that mutation of the +1 nu-
cleotide can prevent positive-stranded sgRNA synthesis in vivo
and that this process can be used to corroborate the primer
extension results and/or uncouple positive- and negative-
stranded sgRNA synthesis. We thus examined the effects of
alteration of the +1 nucleotide of different sgRNAs of CTV.
Since full-length CTV produces 10 3’-terminal sgRNAs (Fig.
1B), it is difficult to visualize alterations to one specific sgRNA.
To examine effects of mutations on the production of one
sgRNA, we cloned a selected gene, including its controller
element, into the CTV replicon CTV-ACla333, which will pro-
duce only the sgRNA of the inserted controller element (14).
In vitro transcripts of these mutants were used to inoculate N.
benthamiana mesophyll protoplasts, and total RNA was ex-
tracted and analyzed by Northern blot hybridization using four
different riboprobes: positive- and negative-stranded RNA-
specific probes corresponding to the genomic 3’ and 5’ ends.

We mutated the +1 nucleotide of the CP sgRNA (Fig. 2A)
from A to either C, U, or G to create the mutants CP +1 A/C,
CP +1 A/U, and CP +1 A/G, respectively (Fig. 2A). Analysis
of the positive- and negative-stranded RNAs from these mu-
tants showed that none of the mutations of the +1 nucleotide
prevented production of the CP sgRNA. Yet, there were some
reductions in the accumulation of this sgRNA. CP +1 A/C, CP
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FIG. 1. Determination of the 5’ termini of CTV sgRNAs. (A) Schematic diagram of the CTV genome. Boxes represent the ORFs with the
respective numbers and encoded products. (B) Northern blot analysis of positive-stranded RNAs isolated from N. benthamiana mesophyll
protoplasts inoculated with CTV9 full-length infectious clone virions. The genomic RNA (gRNA) and the 3'-terminal sgRNAs are indicated by
an arrow and a right brace, respectively. (C) Analysis of the primer extension products in a 6% polyacrylamide gel side by side with the sequencing
ladders obtained from the cloned fragments. The primer extension experiment was performed using total RNA isolated from plants infected by
the CTV T36 isolate of Florida as template and the primers PM37 (nucleotides 16247 to 16228), C244 (nucleotides 16894 to 16874), and PM36
(nucleotides 17439 to 17419) specific to CP, p18, and p13 sgRNAs, respectively. Sequencing reactions were performed with the same primers. The
first 10 nucleotides of the sequence of the 5’ leader of the sgRNA are presented to the right. The 5'-to-3" direction is from top to bottom.

+1 A/U, and CP +1 A/G produced about 80, 50, and 25% as
much positive-stranded sgRNA as the wild-type CP construct
(Fig. 2A). There was no indication that any of the mutations
affected the ratio of positive to negative strands of the sgRNA.
Accumulation of the sgRNA of each mutant appeared to be
reduced approximately the same proportion in each strand.
With the continued synthesis of the sgRNAs after alteration
of the +1 nucleotide, it was not known whether the replicase
complex initiated with the substituting nucleotide at the +1
position, or whether it chose to initiate at an alternative posi-
tion. Thus, we needed to identify the 5’ termini of mutant
sgRNAs. We were able to determine the 5’ termini of the
sgRNAs from wild-type infections of whole plants. However,
these mutants were capable of replication only in protoplasts in
which only about 0.1% or less of the protoplasts become in-
fected with CTV transcripts (45), resulting in much lower lev-
els of sgRNAs. These lower levels of sgRNAs in protoplasts
were thus near our detection limit when using primer exten-
sion. For this reason, we chose to examine the 5’ terminus of
the more-abundant sgRNA of the CP +1 A/C mutant. The
primer extension reaction was performed using total RNA and
a primer located approximately 130 nucleotides downstream of
the native +1 nucleotide of the CP sgRNA. The cDNAs ob-
tained comigrated as doublet bands (Fig. 2C). The upper band
coincided with an adenylate at nucleotide 16116 of the adja-
cent sequence ladder obtained with the same primer (Fig. 2C),

while the lower band mapped between the positions 16116 (A)
and 16117 (U), which might be an artifact of the reaction. We
commonly found double bands from analysis of primer exten-
sion reactions with RNA extracted from protoplasts, but not
with RNA extracted from plants (Fig. 1C). It was clear that the
5’ terminus did not correspond to the substituting cytidylate at
nucleotide 16115 that was positioned in the native +1 site and
that initiation began at a different site. Our best interpretation
was that the adenylate in position 16116 represented the 5’
terminus of the CP +1 A/C sgRNA (Fig. 2A), suggesting the
preference of the CTV replicase complex to use an adenylate
(uridylate in the negative strand) as initiating nucleotide for
CP sgRNA synthesis.

The apparent initiation at an alternate adenylate (+2 A of
the wild-type sgRNA leader) was examined by mutating it to a
cytidylate, generating CP +1 +2 A/C (or CPCC) (Fig. 2A).
The amount of sgRNA produced in this construct decreased
substantially to less than 5% of that of the wild-type CP con-
struct (Fig. 2A). The amount of the minus-stranded sgRNA
decreased proportionally (Fig. 2B). Attempts to map the 5’
terminus of this mutant were not successful. It was possible
that the new 5’ terminus of this construct (CPCC) was also an
adenylate, and the closest one was at position 16120 (+6 po-
sition of the wild-type sgRNA leader). We next created a
mutant containing a substitution of this +6 A to C (CPCC +6
A/C), and this construct still produced similar amounts of
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FIG. 2. Modification of the initiation site context of CP sgRNA. (A) Schematic diagram of the CTV-ACla333, the parental plasmid used for
cloning the CP controller element and mutants. The numbers indicate the genomic region deleted to create this construct. The restriction enzymes
sites introduced at the end of ORF 1b in CTV-ACla333 are indicated at the top. The sgRNA sequence around the +1 nucleotide of the CP gene
of CTV and related mutants cloned into CTV-ACla333 between Xhol and Stul restriction sites are presented. The underlined nucleotide in the
sequence represents the +1 nucleotide. The mutated nucleotides are indicated in bold in each mutant. The numbers indicate the termini of the
cloned fragments. The mean and standard deviation (SD) of the amount of positive-stranded sgRNA produced by each construct is indicated on
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sgRNA (approximately 5%) (Fig. 2A and B), suggesting that
the CTV replicase complex could have selected a different
nucleotide to initiate sgRNA synthesis.

We examined whether creating an alternate adenylate
nearer the native +1 site of the CPCC mutant would increase
the efficiency of sgRNA synthesis. We substituted the nucleo-
tides at positions +3, —1, and —2 from U to A to generate the
mutants CPCC +3 U/A, CPCC —1 U/A, and CPCC —2 U/A,
respectively (Fig. 2A). Constructs CPCC —1 U/A and CPCC
—2 U/A did not produce increased amounts of sgRNA, but
CPCC +3 U/A produced a fourfold increase of CP sgRNA
compared to CPCC, suggesting that the presence of an ade-
nylate at the +3 position was more favorable than at the —1 or
—2 positions.

Effect of modification of the initiation site contexts of other
sgRNAs. (i) p13 and p23 sgRNAs. The p13 and p23 sgRNAs
are produced in intermediate and high amounts, respectively.
The 5’ termini of p13 (Fig. 1C) and p23 (21) sgRNAs mapped
to adenylates at positions 17316 and 18353, respectively, in a
similar context: UXAAUU (+1 nucleotide underlined).
Therefore, it is possible that mutations near the +1 nucleotide
might have similar effects on production of these sgRNAs. We
created mutants p13 +1 A/C and p23 +1 A/C (Fig. 3A) by
substitution of the +1 adenylate with cytidylate and analyzed
positive- and negative-stranded RNA accumulation by North-
ern blot hybridization using specific riboprobes corresponding
to the 3’ end of the genomic RNA (Fig. 3B). The mutation of
the +1 adenylate decreased positive-stranded sgRNA accumu-
lation of both genes to approximately 40% of that of the
wild-type constructs, and the decrease in sgRNA minus-strand
accumulation was proportional (Fig. 3). Next, we substituted
the adenylates at positions +1 and +2 with cytidylates to
generate constructs p13 +1 +2 A/C and p23 +1 +2 A/C (Fig.
3A). Both mutants replicated in protoplasts and produced less
than half as many positive- and negative-stranded sgRNAs as
the mutants with only the +1 adenylate substitution (Fig. 3).
These data suggested that the CTV replicase complex likely
follows similar rules for the production of CP, p13, and p23
sgRNAs.

(i) p20 sgRNA. The p20 sgRNA is often produced at the
highest amount. The 5’ terminus of this sgRNA was mapped to
the adenylate at position 17713 (21), in the context AGU
AUAA (+1 nucleotide underlined) (Fig. 4A). The sequence
surrounding the +1 nucleotide of the p20 sgRNA was slightly
different from that surrounding the +1 nucleotide of the other
three CTV sgRNAs examined (CP, p13, and p23). To examine
the effect of modifications of the nucleotides near the +1
nucleotide on p20 sgRNA synthesis, the mutant p20 +1 A/C
was created by substitution of the +1 adenylate by cytidylate
(Fig. 4A). This mutant produced reduced amounts of both
positive- and negative-stranded sgRNAs (Fig. 4B). The accu-
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mulation of the positive strand was approximately 25% of that
of the wild-type construct (Fig. 4A). Other adenylates were
located at positions +3 and +4. The adenylate at the +3
position was replaced by a cytidylate to create the mutant p20
+1 +3 A/C (Fig. 4A). Yet, this mutant produced approxi-
mately the same amount of positive-stranded sgRNA as the
mutant with only the +1 adenylate changed (p20 + 1A/C) (Fig.
4B). The p20 sgRNA leader contained a uridylate at the +2
position. To determine if a change of this uridylate affected the
accumulation of the p20 sgRNA, this nucleotide was replaced
with a cytidylate, resulting in the mutant p20 +1 A +2 U/C
(Fig. 4A). This mutant replicated and produced both plus- and
minus-stranded sgRNAs in increased amounts compared to
the mutant with only the +1 adenylate mutated (p20 +1 A/C)
(Fig. 4). Subsequently, we analyzed the effect of the substitu-
tion of the +1 A with other nucleotides, U and G, resulting in
mutants p20 +1 A/U and p20 +1 A/G, respectively (Fig. 4A).
The p20 +1 A/U mutant produced 50% as much plus sgRNA
as wild type, whereas accumulation of sgRNA from the p20 +1
A/G mutant was higher than that of the wild-type construct.
We determined the 5’ terminus of the p20 +1 A/G mutant by
polyadenylating the 3’ terminus of the negative-stranded
sgRNA followed by cloning and sequencing. The sequences of
six independent clones showed that the 5’ terminus of the p20
+1 A/G sgRNA was the guanylate at the +1 position (nucle-
otide 17713). These results suggested that the context near the
+1 site of the p20 sgRNA greatly modulates its production and
that the CTV replicase complex can efficiently use a guanylate
(cytidylate in the negative strand) as an alternate initiation
nucleotide for p20 sgRNA synthesis.

(iii) p18 sgRNA. CTV sgRNAs are produced in higher
amounts when positioned nearer the 3’ terminus of the ge-
nome (44). Yet, the p18 sgRNA is produced in low amounts
even though it is located near the 3’ end. The 5’ terminus of
the p18 sgRNA was mapped to an adenylate at nucleotide
16751 in the positive strand context UUAUU (+1 nucleotide
is underlined) (Fig. 1C and 5A). To examine the effects of the
modifications of the nucleotides in and around the +1 posi-
tion, the +1 adenylate of p18 sgRNA was mutated to cytidylate
to generate the construct p18 + 1A/C (Fig. 5A). This mutant
produced the positive-stranded sgRNA at about the same level
as the wild type (Fig. 5), suggesting that mutation of the +1
nucleotide did not greatly affect accumulation of p18 sgRNA.
We then substituted the +1 A with U or G, generating p18 +1
A/U and pl18 +1 A/G (Fig. 5A). The amounts of positive-
stranded sgRNA accumulated by both of these mutants were
considerably more than that of the wild-type construct (Fig.
5A). Again, sgRNA plus- and minus-strand accumulations
were proportional (Fig. 5B). These results suggested that the
native context for the +1 nucleotide was unfavorable for op-
timal synthesis of the p18 sgRNA, with most alterations having

the right. (B) Northern blot analysis of total RNA isolated from N. benthamiana mesophyll protoplasts inoculated with RNA transcripts from
wild-type and mutants of CP sgRNA. The blots were hybridized with 3" 900-nucleotide positive- and negative-stranded digoxigenin-labeled RNA
probes. (C) Analysis of the primer extension product of the CP +1 A/C mutant in a 6% polyacrylamide gel side by side with the sequencing ladder
obtained on the cloned fragment. The primer extension experiment was performed using the primer C502 (nucleotides 16241 to 16217) and total
RNA isolated from N. benthamiana mesophyll protoplasts inoculated with RNA transcripts from the CP +1 A/C mutant. The sequencing ladder
presented on the right was generated using the same primer. The sequence of the first 10 nucleotides of the sgRNA 5’ leader is presented to the

left in the 5'-to-3" direction from top to bottom.
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FIG. 3. Mutational analysis of the 5’ termini of p13 and p23 sgRNAs. (A) Schematic diagram of the CTV-ACla333 genome as outlined the
legend for Fig. 2. The sgRNA sequences around the position +1 of the p13 and p23 genes of CTV and related mutants were cloned into
CTV-ACla333. The +1 nucleotide is underlined, and the mutated nucleotides in each mutant are indicated in bold. The numbers indicate termini
of the cloned fragments. The mean and the standard deviation (SD) of the sgRNA positive strand produced by each construct are presented on
the right. (B) Northern blot analysis of the total RNA isolated from N. benthamiana mesophyll protoplasts inoculated with RNA transcripts of
constructs of wild-type p13 and p23 sgRNAs and their respective mutants using 3" 900-nucleotide positive- and negative-stranded digoxigenin-

labeled riboprobes.

a positive effect. Next, we analyzed the effect of additional
substitutions of the uridylate in the +2 position (p18 +1 A +2
U/C) or the adenylate in the —3 position (p18 +1 —3 A/C)
(Fig. 5A). Mutant p18 +1 A +2 U/C accumulated approxi-
mately 50% of sgRNA plus strand compared with the p18
wild-type construct. Modification of both adenylates in posi-
tions +1 and —3 prevented measurable synthesis of the
sgRNA, suggesting that the adenylate at the —3 position could

function as the alternate 5’ terminus of the p18 +1 A/C mu-
tant.

Production of positive-stranded 5’-terminal sgRNAs. We
previously found that, in addition to the positive-stranded 3'-
terminal sgRNA and its complementary negative strand, each
controller element of the 10 3’ genes also produced a positive-
stranded 5'-terminal sgRNA, apparently by termination during
genomic plus-strand synthesis (14). To analyze whether the
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FIG. 4. Modification of the initiation site context of p20 sgRNA. (A) Schematic diagram of the CTV-ACla333 genome used to clone wild-type
and mutants of p20 sgRNA. The nucleotides in bold indicate the mutated nucleotide in each construct, and the underlined nucleotides represent
the +1 nucleotide. The numbers indicate termini of the cloned fragments. The mean and the standard deviation (SD) of the amount of sgRNA
positive strand produced by each construct are presented on the right. (B) Northern blot analysis of the total RNA isolated from N. benthamiana
mesophyll protoplasts inoculated with RNA transcripts of wild-type and p20 sgRNA mutants, hybridized with 3’-end digoxigenin-labeled RNA

probes.

mutations near the +1 site, which reduced or altered sgRNA
production, altered or uncoupled production of the 5'-terminal
sgRNA, we examined the accumulation of this sgRNA from
total RNA isolated from N. benthamiana protoplasts infected
with all of these mutants by Northern blot hybridizations using
probes specific to the first 600 nucleotides of the 5" end of the
genomic RNA. All of these mutants accumulated positive- but
not negative-stranded 5'-terminal sgRNAs (data not shown) in
proportion to the accumulation of the 3'-terminal sgRNAs,
indicating that all three sgRNAs were produced in concert.

DISCUSSION

CTV expresses its 3'-terminal genes through a nested set of
3’-terminal sgRNAs produced at different levels (17, 37). We
were able to map the 5’ termini of three more sgRNAs (CP,
p13, and p18) in addition to the two previously mapped (p20
and p23 [21]). All were found to possess a +1 adenylate, the
same as the 5’ end of the genome (20). Additionally, the 5’
termini of the p13, p18, p20, and p23 sgRNAs of other CTV
strains also map to an adenylate (6, 21, 66). Thus, all CTV
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FIG. 5. Modification of the initiation site context of p18 sgRNA. (A) Schematic diagram of the CTV-ACla333 genome (details as outlined in
the legend for Fig. 2). The sgRNA sequence around the +1 nucleotide of p18 gene of CTV and related mutants were cloned into CTV-ACla333.
Nucleotide +1 is underlined in the wild-type sgRNA sequence. The nucleotides in bold represent the mutated nucleotides in each construct. The
numbers indicate termini of the fragments cloned into CTV-ACla333. On the right is presented the mean and the standard deviation of
positive-stranded sgRNA produced by each construct. (B) Northern blot analysis of RNA isolated from N. benthamiana mesophyll protoplasts
inoculated with RNA transcripts from the wild-type p18 sgRNA construct and its mutants. The blots were hybridized with 3’-end positive- and

negative-stranded digoxigenin-labeled RNA probes.

sgRNAs mapped so far have an adenylate as the 5’ terminus,
suggesting that initiation of RNA synthesis from a uridylate on
the minus strand is preferred by the CTV replicase complex.

Sequence similarity at the 5" ends of the genomic RNA and
the 5’ leaders of sgRNAs is a characteristic of numerous vi-
ruses (7, 48, 56, 60, 61, 65, 67), including other members of the
Closteroviridae such as BYV (5) and Sweet potato chlorotic stunt
virus (28). This sequence similarity has been proposed to be
involved in assisting the viral replicase complex to recognize

and interact with specific minus-strand signals for the initiation
of synthesis of plus-strand genomic RNA and sgRNAs. The
first nucleotides of the 5" end of the genomic RNA (AAUU
UCA) and the positive genomic sequence around the 5’ ter-
mini of sgRNAs (underlined, CP [UUAAUUGA], p18 [UUA
UUGAA], p13 [UCAAUUGCU], p20 [GUAUAACGU], p23
[UUAAUUCGA]) were similar but not identical AU-rich re-
gions.

In general, modification of the +1 nucleotide has been a
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useful tool for characterizing viral sgRNA production. Alter-
ation of this nucleotide in viruses that produce sgRNAs by
internal initiation (promotion), including alpha-like viruses,
tends to abolish or greatly decrease sgRNA synthesis (1, 2, 16,
24, 25, 57, 62) and can be used to confirm the mapping of
sgRNAs 5’ termini (16, 25). Modification of the +1 nucleotide
of the sgRNAs of two viruses thought to produce their sgRNAs
by termination, Tomato bushy stunt virus and Flock house virus,
greatly inhibited accumulation of positive-stranded sgRNAs
with little effect on negative-strand levels (10, 11, 41), suggest-
ing that the negative strands are produced first. The RdRp
domain of CTV falls within the evolutionary lineage of the
alphavirus supergroup. Therefore, it would be expected that
the viral replicase complex follows a mechanism of promotion
for sgRNA synthesis. Yet, modification of the initiation nucle-
otides of CTV sgRNAs did not stop their production as ex-
pected and, consequentially, was not useful to confirm the
primer extension mapping. Additionally, alpha-like viruses that
produce sgRNAs by promotion are expected to follow the +1
pyrimidine and +2 adenylate rule (in reference to the minus
strand) as initiation nucleotides for positive-stranded RNAs
(3). CTV did not strictly follow this rule for initiation of
sgRNAs, often initiating with a +1 uridylate, +2 uridylate, and
+3 adenylate. CTV also did not comply with our expectations
of the alternative mechanism, production of sgRNA minus
strands by termination, because modification of the +1 nucle-
otides of the different CTV sgRNAs did not uncouple plus-
and minus-strand sgRNA accumulation or significantly affect
their ratios. Another abnormality of CTV is that the initiation
nucleotide of its sgRNAs is not positioned within the controller
(promoter-terminator) element. The +1 nucleotide of the CP
is positioned 5 nucleotides outside of the core element (14).
Thus, the results of the modification of the +1 nucleotides of
CTV sgRNAs suggest that CTV does not follow either of the
characterized patterns of sgRNA synthesis: production of
sgRNAs via internal promotion or production of negative-
stranded sgRNAs by termination and sgRNA plus strands by
transcription. Instead, it appears that CTV sgRNA production
follows an alternative or modified mechanism.

Studies performed in vitro have shown the flexibility of
Brome mosaic virus, Cowpea chlorotic mottle virus, and Cucum-
ber mosaic virus RdRps to select +1 sites for sgRNA synthesis
by using alternate positions and/or nucleotides when the +1
site is modified (1-3, 9, 49, 51, 54). All these examples showed
that in vitro these RdRps always initiate with a guanylate or
adenylate as authentic or alternate 5’ termini for sgRNA syn-
thesis, respectively, but most important is the flexibility to use
an alternative initiation position. After substitution of the na-
tive +1 adenylate of the CTV CP sgRNA at position 16115
with a cytidylate, the replicase complex initiated with an alter-
nate adenylate at position 16116 instead of using the cytidylate
at position 16115. Modification of the alternate adenylate
(16116) to cytidylate further reduced sgRNA production. We
technically were not able to map the alternate 5’ nucleotides of
the other sgRNAs produced at lower levels, but additional
mutations were consistent with the continued preference of the
replicase complex to initiate sSgRNA synthesis with adenylates.
In general, if the sgRNAs had a second adenylate adjacent or
near the +1 nucleotide, as in the CP, p13, and p23 sgRNA
leaders, substitution of the +1 adenylate with another nucle-
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otide resulted in relatively small reductions of sgRNA accu-
mulation, perhaps by half, suggesting that the replicase com-
plex had flexibility to initiate with a nearby alternate adenylate,
since modification of such an alternate adenylate further re-
duced sgRNA accumulation. Providing adenylates in alternate
positions near the original +1 site sometimes increased
sgRNA accumulation, but not always. For example, providing
an alternate adenylate at positions —1 or —2 in the CP con-
structs with the native +1 and +2 adenylates removed did not
restore wild-type levels of sgRNA synthesis. However, the in-
sertion of an adenylate at +3 increased the CP sgRNA accu-
mulation levels. These results suggest that the position of the
initiation adenylate and its context are important for CTV
sgRNA accumulation.

It appears that the CTV replicase complex prefers to initiate
with an adenylate (uridylate in the negative strand). The fact
that other members of the Closteroviridae can initiate genomic
and sgRNAs with guanylate (28, 40) suggests that the CTV
replicase complex might also initiate with other nucleotides.
Substitution of the +1 adenylate of both the p20 and p18 genes
with guanylate resulted in increased production of sgRNA.
Interestingly, the CTV replicase complex initiated synthesis of
p20 +1 A/G sgRNA with the guanylate (cytidylate in the neg-
ative strand) in the +1 site more efficiently than with the +1
adenylate. The 5’ terminus of the pl18 sgRNA from a full-
length virus of a different CTV isolate with a natural substitu-
tion of the adenylate at position 16751 with guanylate (similar
to the p18 +1 A/G mutant) has also been mapped (6). In this
case, sgRNA synthesis did not initiate with the guanylate at
position 16751, but instead with the adenylate at position
16748. The CTV replicase complex appears to be flexible in
using an initiation adenylate in other positions downstream
(isolate with a natural mutation of the p18 +1 A to G) or
upstream (CP +1 A/C mutant) of the native +1 nucleotide, or
using a different nucleotide in the native +1 position (p20 +1
A/G). Thus, if the CTV replicase complex initiated sgRNAs
with a purine, preferably with adenylates, as the 5’ terminus in
all of the mutants examined herein, it would suggest that the
replicase complex could initiate at positions ranging from —5
to +6 (p23 +1 +2 A/C mutant) (Fig. 3) relative to the native
+1 position and still produce at least minimal amounts of
sgRNA.

Although the CTV replication complex appears to prefer an
adenylate, or at least a purine, as the 5’ terminus of its
sgRNAs, we still cannot exclude that some of the alterations
observed in levels of sgRNA synthesis were due to context
rather than a specific initiation nucleotide. Previously, we have
shown that both position within the genome and promoter
strength control the level of sgRNA production (44). The se-
quence context of the initiation site of CTV sgRNAs, which is
outside the core promoter, appears to be an additional regu-
latory mechanism to control sgRNA synthesis. Mutation of the
+1 A to C or U of the highly abundant p20 sgRNA led to
decreased sgRNA production, whereas mutation of the +1 A
to G resulted in increased levels of sgRNA accumulation.
Thus, even the most abundant sgRNA appears to be capable of
increasing synthesis even further. The p18 sgRNA is produced
minimally even though it is positioned within the genome to
allow high levels of production. Substitution of the +1 adenyl-
ate with any other nucleotide increased p18 sgRNA accumu-
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lation, suggesting the native context was designed to be down-
regulated. These data not only emphasize the importance of
the +1 nucleotide context but also demonstrate a tool for
examining and manipulating gene regulation in vivo.

ACKNOWLEDGMENTS

We thank John Cook, Cecile Robertson, and Judy Harber for their

technical assistance and Jaime Cubero for critically reading the manu-
script.

This research was supported by an endowment from the J. R. and

Addie Graves family and by grants from the Florida Agricultural
Experiment Station, the Florida Citrus Production Research Advisory
Council, US-Isracl BARD, and USDA Agricultural Research Service
cooperative agreement 58-6617-4-018. M. A. Ayllén was the recipient
of a postdoctoral fellowship from the Ministerio de Educacion y Cien-
cia (Spain).

j=a)

15.

16.

17.

18.

19.

REFERENCES

. AdKins, S., and C. C. Kao. 1998. Subgenomic RNA promoters dictate the

mode of recognition by bromoviral RNA-dependent RNA polymerases. Vi-
rology 252:1-8.

. AdKins, S., R. W. Siegel, J.-H. Sun, and C. C. Kao. 1997. Minimal templates

directing accurate initiation of subgenomic RNA synthesis in vitro by the
brome mosaic virus RNA-dependent RNA polymerase. RNA 3:634-647.

. Adkins, S., S. S. Stawicki, G. Faurote, R. W. Siegel, and C. C. Kao. 1998.

Mechanistic analysis of RNA synthesis by RNA-dependent RNA polymerase
from two promoters reveals similarities to DNA-dependent RNA polymer-
ase. RNA 4:455-470.

. Agranovsky, A. A,, E. V. Koonin, V. P. Boyko, E. Maiss, R. Frotschl, N. A.

Lunina, and J. G. Atabekov. 1994. Beet yellows closterovirus: complete
genome structure and identification of a leader papain-like thiol protease.
Virology 198:311-324.

. Agranovsky, A. A., R. Koenig, E. Maiss, V. P. Boyko, R. Casper, and J. G.

Atabekov. 1994. Expression of the beet yellows closterovirus capsid protein
and p24, a capsid protein homologue, in vitro and in vivo. J. Gen. Virol.
75:1431-1439.

. Ayllén, M. A. 1998. Ph.D. thesis. University of Valencia, Valencia, Spain.
. Boonham, N., C. M. Henry, and K. R. Wood. 1998. The characterization of

a subgenomic RNA and in vitro translation products of oat chlorotic stunt
virus. Virus Genes 16:141-145.

. Carrington, J. C., and T. J. Morris. 1986. High resolution mapping of

Carnation mottle virus-associated RNAs. Virology 150:196-206.

. Chen, M.-H., M. J. Roossinck, and C. C. Kao. 2000. Efficient and specific

initiation of subgenomic RNA synthesis by cucumber mosaic virus replicase
in vitro requires an upstream RNA stem-loop. J. Virol. 74:11201-11209.

. Choi, I. R., and K. A. White. 2002. An RNA activator of subgenomic mRNA1

transcription in tomato bushy stunt virus. J. Biol. Chem. 277:3760-3766.

. Choi, I. R., M. Ostrovsky, G. Zhang, and K. A. White. 2001. Regulatory

activity of distal and core RNA elements in Tombusvirus subgenomic
mRNAZ2 transcription. J. Biol. Chem. 276:41761-41768.

. Cowley, J. A., C. M. Dimmock, and P. J. Walker. 2002. Gill-associated

nidovirus of Penaeus monodon prawns transcribes 3’-coterminal subgenomic
mRNAs that do not possess 5'-leader sequences. J. Gen. Virol. 83:927-935.

. French, R., and P. Ahlquist. 1988. Characterization and engineering of

sequences controlling in vivo synthesis of brome mosaic virus subgenomic
RNA. J. Virol. 62:2411-2420.

. Gowda, S., T. Satyanarayana, M. A. Ayllon, M. R. Albiach-Marti, M. Ma-

wassi, S. Rabindran, S. M. Garnsey, and W. O. Dawson. 2001. Character-
ization of the cis-acting elements controlling subgenomic mRNAs of Citrus
tristeza virus: production of positive- and negative-stranded 3’-terminal and
positive-stranded 5’-terminal RNAs. Virology 286:134-151.

Gowda, S., M. A. Ayllén, T. Satyanarayana, M. Bar-Joseph, and W. O.
Dawson. 2003. Transcription strategy in a closterovirus: a novel 5'-proximal
controller element of citrus tristeza virus produces 5'- and 3'-terminal sub-
genomic RNAs and differs from 3’ open reading frame controller elements.
J. Virol. 77:340-352.

Grdzelishvili, V. Z., S. N. Chapman, W. O. Dawson, and D. J. Lewandowski.
2000. Mapping of the tobacco mosaic virus movement protein and coat
protein subgenomic RNA promoters in vivo. Virology 275:177-192.

Hilf, M. E., A. V. Karasev, H. R. Pappu, D. J. Gumpf, C. L. Niblett, and S. M.
Garnsey. 1995. Characterization of citrus tristeza virus subgenomic RNAs in
infected tissue. Virology 208:576-582.

Hillman, B. L., P. Hearne, D. Rochon, and T. J. Morris. 1989. Organization
of tomato bushy stunt virus genome: characterization of the coat protein
gene and the 3’ terminus. Virology 169:42-50.

Ho, S. N., H. D. Hunt, R. M. Horton, J. K. Puller, and L. R. Pease. 1989.
Site-directed mutagenesis by overlap extension using polymerase chain re-
action. Gene 77:51-59.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

J. VIROL.

Karasev, A. V., V. P. Boyko, S. Gowda, O. V. Nikolaeva, M. E. Hilf, E. V.
Koonin, C. L. Niblett, K. Cline, D. J. Gumpf, R. F. Lee, S. M. Garnsey, D. J.
Lewandowski, and W. O. Dawson. 1995. Complete sequence of the citrus
tristeza virus RNA genome. Virology 208:511-520.

Karasev, A. V., M. E. Hilf, S. M. Garnsey, and W. O. Dawson. 1997. Tran-
scriptional strategy of closteroviruses: mapping the 5’ termini of the citrus
tristeza subgenomic RNAs. J. Virol. 71:6233-6236.

Karaseyv, A. V., O. V. Nikolaeva, R. F. Lee, G. C. Wisler, J. E. Duffus, and
W. O. Dawson. 1998. Characterization of the beet yellow stunt virus coat
protein gene. Phytopathology 88:1040-1045.

Kim, K. H., and C. Hemenway. 1996. The 5’ nontranslated region of potato
virus X RNA affects both genomic and subgenomic RNA synthesis. J. Virol.
70:5533-5540.

Kim, K.-H., and C. Hemenway. 1997. Mutations that alter a conserved
element upstream of the potato virus X triple block and coat protein genes
affect subgenomic RNA accumulation. Virology 232:187-197.

Koev, G., and W. A. Miller. 2000. A positive-strand RNA virus with three
very different subgenomic RNA promoters. J. Virol. 74:5988-5996.

Koev, G., B. R. Mohan, and W. A. Miller. 1999. Primary and secondary
structural elements required for synthesis of barley yellow dwarf virus sub-
genomic RNAT. J. Virol. 73:2876-2885.

Koonin, E. V., and V. V. Dolja. 1993. Evolution and taxonomy of positive-
strand RNA viruses: implications of comparative analysis of amino acid
sequences. Crit. Rev. Biochem. Mol. Biol. 28:375-430.

Kreuze, J. F., E. I. Savenkov, and J. P. T. Valkonen. 2002. Complete genome
sequence and analyses of the subgenomic RNAs of sweet potato chlorotic
stunt virus reveal several new features for the genus crinivirus. J. Virol.
76:9260-9270.

Lai, M. M. C,, and D. Cavanagh. 1997. The molecular biology of coronavi-
ruses. Adv. Virus Res. 48:1-100.

Lee, Y.-S., B.-Y. Lin, Y.-H. Hsu, B.-Y. Chang, and N.-S. Lin. 1998. Sub-
genomic RNAs of bamboo mosaic potexvirus-V isolate are packaged into
virions. J. Gen. Virol. 79:1825-1832.

Levis, R., S. Schlesinger, and H. V. Huang. 1990. Promoter for Sindbis virus
RNA-dependent subgenomic RNA transcription. J. Virol. 64:1726-1733.
Lindenbach, B. D., J. Y. Sgro, and P. Ahlquist. 2002. Long-distance base
pairing in flock house virus RNAL1 regulates subgenomic RNA3 synthesis
and RNA2 replication. J. Virol. 76:3905-3919.

Logemann, J., J. Schell., and L. Willmitzer. 1987. Improved method for the
isolation of RNA from plants tissues. Anal. Biochem. 163:16-20.

Maia, I. G., K. Séron, A.-L. Haenni, and F. Bernardi. 1996. Gene expression
from viral RNA genomes. Plant Mol. Biol. 32:367-391.

Miller, W. A, and G. Koev. 2000. Synthesis of subgenomic RNAs by positive-
strand RNA viruses. Virology 273:1-8.

Miller, W. A., T. W. Dreher, and T. C. Hall. 1985. Synthesis of brome mosaic
virus subgenomic RNA in vitro by internal initiation on (—)-sense genome
RNA. Nature 313:68-70.

Navas-Castillo, J., M. R. Albiach-Marti, S. Gowda, M. E. Hilf, S. M. Garn-
sey, and W. O. Dawson. 1997. Kinetics of accumulation of citrus tristeza virus
RNAs. Virology 228:92-97.

Ou, J.-H., C. M. Rice, L. Dalgarno, E. G. Strauss, and J. H. Strauss. 1982.
Sequence studies of several alphavirus genomic RNAs in the region contain-
ing the start of the subgenomic RNA. Proc. Natl. Acad. Sci. USA 79:5235-
5239.

Pappu, H. R,, A. V. Karasev, E. J. Anderson, S. S. Pappu, M. E. Hilf, V. J.
Febres, R. M. G. Eckloff, M. McCaffery, V. Boyko, S. Gowda, V. V. Dolja,
E. V. Koonin, D. J. Gumpf, K. C. Cline, S. M. Garnsey, W. O. Dawson, R. F.
Lee, and C. L. Niblett. 1994. Nucleotide sequence and organization of eight
3’ open reading frames of the citrus tristeza closterovirus genome. Virology
199:35-46.

Peremyslov, V. V., and V. V. Dolja. 2002. Identification of the subgenomic
mRNAs that encode 6-kDa movement protein and Hsp70 homolog of beet
yellows virus. Virology 295:299-306.

Price, B. D., M. Roeder, and P. Ahlquist. 2000. DNA-directed expression of
functional flock house virus RNA1 derivatives in Saccharomyces cerevisiae,
heterologous gene expression, and selective effects on subgenomic mRNA
synthesis. J. Virol. 74:11724-11733.

Pugachev, K. V., E. S. Abernathy, and T. K. Frey. 1997. Genomic sequence
of the RA27/3 vaccine strain of rubella virus. Arch. Virol. 142:1165-1180.
Romero, J., A. M. Dzianott, and J. J. Bujarski. 1992. The nucleotide se-
quence and genome organization of the RNA2 and RNA3 segments in broad
bean mottle virus. Virology 187:671-681.

Satyanarayana, T., S. Gowda, V. P. Boyko, M. R. Albiach-Marti, M. Ma-
wassi, J. Navas-Castillo, A. V. Karasev, V. Dolja, M. E. Hilf, D. J. Lewan-
dowski, P. Moreno, M. Bar-Joseph, S. M. Garnsey, and W. O. Dawson. 1999.
An engineered closterovirus RNA replicon and analysis of heterologous
terminal sequences for replication. Proc. Natl. Acad. Sci. USA 96:7433-7438.
Satyanarayana, T., M. Bar-Joseph, M. Mawassi, M. R. Albiach-Marti, M. A.
Ayllon, S. Gowda, M. E. Hilf, P. Moreno, S. M. Garnsey, and W. O. Dawson.
2001. Amplification of citrus tristeza virus from cDNA clone and infection of
citrus trees. Virology 280:87-96.

Satyanarayana, T., S. Gowda, M. A. Ayllon, M. R. Albiach-Marti, S. Rabin-



VoL. 77, 2003

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

dran, and W. O. Dawson. 2002. The p23 protein of Citrus tristeza virus
controls asymmetrical RNA accumulation. J. Virol. 76:473-483.

Sawicki, S. G., and D. L. Sawicki. 1990. Coronavirus transcription: sub-
genomic mouse hepatitis virus replicative intermediates function in RNA
synthesis. J. Virol. 64:1050-1056.

Scheets, K. 2000. Maize chlorotic mottle machlomovirus expresses its coat
protein from a 1.74-kb subgenomic RNA and makes a 0.34-kb subgenomic
RNA. Virology 267:90-101.

Siegel, R. W., S. Adkins, and C. C. Kao. 1997. Sequence-specific recognition
of a subgenomic RNA promoter by a viral RNA polymerase. Proc. Natl.
Acad. Sci. USA 94:11238-11243.

Sit, T. L., A. A. Vaewhongs, and S. A. Lommel. 1998. RNA-mediated trans-
activation of transcription from a viral RNA. Science 281:829-832.
Sivakumaran, K., M.-H. Chen, M. J. Roossinck, and C. C. Kao. 2002. Core
promoter for initiation of cucumber mosaic virus subgenomic RNA4A. Mol.
Plant Pathol. 3:43-52.

Snijder, E. J., and J. J. M. Meulenberg. 1998. The molecular biology of
arteriviruses. J. Gen. Virol. 79:961-979.

Snijder, E. J., M. C. Hornizek, and W. J. M. Spaan. 1990. A 3’-coterminal
nested set of independently transcribed mRNAs is generated during berne
virus replication. J. Virol. 64:331-338.

Stawicki, S. S., and C. C. Kao. 1999. Spatial perturbations within an RNA
promoter specifically recognized by a viral RNA-dependent RNA polymer-
ase (RdRp) reveal that RdRp can adjust its promoter binding sites. J. Virol.
73:198-204.

Tavazza, M., A. Lucioli, A. Calogero, A. Pay, and R. Tavazza. 1994. Nucle-
otide sequence, genomic organization and synthesis of infectious transcripts
from a full-length clone of artichoke mottle crinkle virus. J. Gen. Virol.
75:1515-1524.

Turina, M., M. Maruoka, J. Monis, A. O. Jackson, and K.-B. G. Scholthof.
1998. Nucleotide sequence and infectivity of a full-length cDNA clone of
panicum mosaic virus. Virology 241:141-155.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

INITIATION SITE CONTEXT OF CTV sgRNAs 9243

van der Vossen, E. A. G., T. Notenboom, and J. F. Bol. 1995. Characteriza-
tion of sequences controlling the synthesis of alfalfa mosaic virus subgenomic
RNA in vivo. Virology 212:663-672.

van Marle, G., J. C. Dobbe, A. P. Gultyaev, W. Luytjes, W. J. M. Spaan, and
E. J. Snijder. 1999. Arterivirus discontinuous mRNA transcription is guided
by base pairing between sense and antisense transcription-regulating se-
quences. Proc. Natl. Acad. Sci. USA 96:12056-12061.

van Vliet, A. L. W., S. L. Smits, P. J. M. Rottier, and R. J. de Groot. 2002.
Discontinuous and non-continuous subgenomic RNA transcription in a
nidovirus. EMBO J. 21:6571-6580.

Vives, M. C., L. Galipienso, L. Navarro, P. Moreno, and J. Guerri. 2002.
Characterization of two kinds of subgenomic RNAs produced by citrus leaf
blotch virus. Virology 295:328-336.

Wang, J., and A. E. Simon. 1997. Analysis of the two subgenomic RNA
promoters for turnip crinkle virus in vivo and in vitro. Virology 232:174-186.
Wang, J., C. D. Carpenter, and A. E. Simon. 1999. Minimal sequence and
structural requirements of a subgenomic RNA promoter for turnip crinkle
virus. Virology 253:327-336.

Weng, Z., and Z. Xiong. 1997. Genome organization and gene expression of
saguaro cactus carmovirus. J. Gen. Virol. 78:525-534.

White, K. A. 2002. The premature termination model: a possible third mech-
anism for subgenomic mRNA transcription in (+)-strand RNA viruses.
Virology 304:147-154.

White, K. A., and G. Mackie. 1990. Control and expression of 3’ open
reading frames in clover yellow mosaic virus. Virology 179:576-584.

Yang, G., M. Mawassi, R. Gofman, R. Gafny, and M. Bar-Joseph. 1997.
Involvement of a subgenomic mRNA in the generation of a variable popu-
lation of defective citrus tristeza virus molecules. J. Virol. 71:9800-9802.
Zavriev, S. K., C. M. Hickey, and S. A. Lommel. 1996. Mapping of the red
clover necrotic mosaic virus subgenomic RNA. Virology 216:407-410.



